Although Sn-Pb eutectic alloy is widely used as a joining material in the electronics industry, it has well documented environmental and toxicity issues. Sandia National Laboratories is developing alternative solder materials to replace traditional Pb-containing alloys. The alloys m based on the Sn-Ag, Sn-Ag-Bi and Sn-Ag-Bi-Au systems. Prototype hybrid microcircuit (HMC) test vehicles have been developed to evaluate these Pb-fiee solders, using AuPt-Pd thick film metallization. Populated test vehicles with surfhce mount devices have been designed and fabricated to evaluate the reliability of surface mount solder joints, The test components consist of a variety of dummy chip capacitors and leadless ceramic chip caniers (LCCC's).
INTRODUCTION
Soldering is still the predominant technique used by the electronics industry for joining active and passive components. Solder joints were initially designed to be simple electrical interconnections in electronic packages.
However, as technology advanced, electrical component size decreased, and the number of input/output terminations increased. To accommodate these changes, the numbers of solder joints per package imeased while joint dimensions decreased. As technology continued to advance, the solder joint was expected to be both an electrical and mechanical connector. Surface mount technology (SMT) has, therefore, become increasingly important because of benefits, such as reduced size, increased reliability and increased speed due to greater packing density'".
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The most commonly used solders are eutectic Sn-Pb alloys: While they exhibit excellent wetting behavior at low temperatures, they also have well documented toxicity issues. New soldering materials and processes have been developed over the years to address environmental concerns. Ground water contamination by discarded electronic assemblies with Pb-bearing solders is cf particular importance"'. Several Pb-free solders have been developed over the years to address these concerns. New P b -k alloys must meet the requirement of both a compatible melting temperature and low toxicity while maintaining good mechanical properties. This reduces the number of metals that can be considered as possible alternativesA. In general, Sn, with its desirable physical properties, is alloyed with other metals to produce acceptable materials. These include Sb, Bi, Au, Cu, Ga, In, Ag and Zn. Each metal has its own specific advantages and disadvantages when used as a constituent in a solder composition. In addition, the limited solubility of a specific metal within the Sn matrix can a 6 i performance d the solder alloyr4].
Surface mount technology has been used to attach electronic components to ceramic substrates in the hybrid microelectronics industry. Thick film pastes or "inks" have acritical role in hybrid microcircuit (HMC) technology, as they form the conductive features and device attachment pads on the ceramic substrates. Traditionally, noble metals such as silver or gold have formed the basis of the conductive component of the thick film inks because of their stability in the presence of the glassing agen as well as their limited oxidation in the air firing process". Although pure Ag and Au are readily wetted by eutectic Sn-Pb solder, both metals are prone to si&icant dissolution or leaching by the molten solders during processing. A significant loss d thick film conductor increases the likelihood that the mechanical integrity of the solder joint will deteriorate. Two other metals, Pt and Pd, have properties which favor their use as thick film conductor materials, as well. In particular, they are considerably less susceptible to molten solder dissolution. Optimal thick film properties can, therefore, be realized by combining Ag, Au, Pt and Pd to benefit from the attributes of the individual componentsr6'. Solid state aging experiments examined the long-term isothermal growth kinetics of the intermetallic compound layer that formed between the We-solder alloys and the Au-Pt-Pd thick film. Solder bumps were formed on thick fiim pads and processed through a tabletop reflow machine. Each alloy was then heat treated to a set of aging conditions.
The aging temperatures were 55"C, 7OoC, 85"C, 100°C, 135OC, and 170°C. The aging times ranged from 10 hrs. to 5000 hrs.
The aged samples were metallographically cross-sectioned, mounted in cold setting epoxy, polished and examined for microstmctural changes. It is necessary to clearly describe the manner in which the intermetallic compound layer thickness measurements were taken. Shown in Fig. 1 Mechanical testing of the sample was perfomed by pushing the plug through the ring. The specimens were secured into a specially designed fixture. The furture was then placed into a load frame. The maximum recorded load was used to designate the strength of the joint. The crosshead speed was 10 d m i n . The strength data is represented by the mean k one standard deviation of all the measurements. This test data is shown in Table 1 . The mechanical strengths of each of the Pb-free alloys are considerably higher than Sn-Pb. Figure 3 . The target parameten for this test vehicle that were used included: 1) a 1.5 to 2 min. preheat, 2) a one minute period above reflow temperature and, 3) a peak temperature 20 to 30°C above the melting point of the particular alloy to assure adequate solder reflow.
RESULTS AND DISCUSSION
After test vehicle assembly, but prior to mechanical testing, a comprehensive defect analysis was conducted under a stereo microscope to assess joint geometry, bridges, voids and component misalignment. In addition, solderability of bonding pads, formation of solder balls and thermal damage to the board were assessed. The three lead-& alloys were compared to the performance of Sn-Pb solder.
The populated boards exhiiited a variety of minor def&.
In particular, the fust set of boards printed with each of the four alloys showed limited solder rise up the bare Au castellations on the LCCC's (Fig 4a) . It ranged fiom approximately a 30% rise on the 16 YO to 85% on the 20 I/O LCCC. However, more solder rose up the castellations on the larger package, imspective of position. All four sides of the LCCC showed consistent behavior in this regard. The Sn-Pb exhibited the best wetting, while the Sn-Ag-Bi was the poorest. None exhibited 100% rise and the joints were very lean. This was not the case with the chip capacitors. All exhibited good wetting. After this initial observation, all subsequent LCCC's were pre-tinned with the appropriate alloy prior to assembly. Optical images of the Sn-Ag alloy are shown in Fig. 4b , which illustrates the e€fkcb of pre-tinning on the shape of the solder fillets. All LCCC's showed much improved solder rise after pretinning. This was the case for all of the alloys, but the improvement was most dramatic for the Sn-Ag-Bi. In contrast, Figure 6 illustrates how IMC growth progresses in a Pb-free system. The Sn-Ag-Bi alloy is also shown at 100°C for (a) as fabricated condition, @) 10 hrs., (c) 1000 hrs. and (d) 2000 hrs. While the thick film is still visible in all cases, it is being consumed as the part ages. Note how the microstructure of the solder quickly changes. There has been a coarsening of the AuSnl, particles.
Understanding the evolution of these structural changes is very important to the mechanical response of the joint and developing a methodology for predicting service reliability.
The thickness of the IMC layer was modeled by an Arrhenius time and temperature dependence. The graphs in Fig. 7 illustrate how quickly the intermetallic layer grows as time and temperature increase. At 55OC and 7OoC, the IMC layer thickness exhibited no significant increase over the aging time. However, at the higher temperatures, 100°C, 135°C and 170°C, the IMC layer thickness increased much more quickly. Note how the graph levels off soon into the aging process at 170OC. This shows that the thickness of the IMC layer has ceased due to Complete consumption of the thick film layer. and-plug test specimens were higher for the Pb-free alloys than for eutectic Sn-Pb.
